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Abstract 


A new series of nanocrystalline La; ,Pr,Mo5O, (0.2 < x < 0.8) powders are synthesized through the pyrolysis of polyacrylate salt precursors 
prepared via in situ polymerization of the metal salts and acrylic acid. The polymeric precursors are characterized by thermogravimetric and 
differential thermal analysis (TG/DTA) to determine the thermal decomposition and crystallization temperature, which is found to be at 510°C. 
X-ray diffraction analysis indicates that the substitution of La by Pr preserves the single-phase LazMo Oo structure up to a Pr dopant concentration 
of x x 0.7. The particle size and the œ — f phase transition of the Pr-doped LaMo209 samples are studied by using a transmission electron 
microscope (TEM) and differential scanning calorimetry (DSC), respectively. The sintering behaviour of the Pr-doped samples are examined via 
isothermal and non-isothermal experiments. It demonstrates that the synthesized nanocrystalline powders have good sinterabilty and a relatively 
low sintering temperature of 800°C for 4h is sufficient to reach ~99% of the theoretical density with good microstructures. Furthermore, the 


oxide-ion conductivity increases with increasing Pr content and the maximum conductivity is attained at x=0.5 in La». , Pr, Mo50s, 


€ 2007 Published by Elsevier B.V. 
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1. Introduction 


The development of novel oxide-ion conducting solid elec- 
trolytes is of great importance for numerous high-temperature 
electrochemical applications, such as solid oxide fuel cells 
(SOFCs), oxygen pumps, electrocatalytic reactors for natu- 
ral gas conversion, and sensors [1—4]. Solid oxide fuel cells 
have attracted considerable interest in recent years because of 
their high efficiency and environmentally friendly operation. 
Such systems required oxygen-conducting electrolytes and, to 
date, yttria-stabilized zirconia (YSZ) has been the common 
choice. This compound exhibits high oxide-ion conductivity at 
elevated temperatures (850-1000 °C), but high working tem- 
peratures cause problems in terms of materials selection and 
lifetime. Therefore, it is desirable to develop a solid electrolyte 
that functions well at intermediate temperatures below 800°C 
[5.6]. 
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Many other types of fast oxide-ion conductor have been 
investigated as alternatives to YSZ, e.g., porovskite-type 
ABO3 (doped LaGaO3) [7—9], fluorite-type (stabilized zirco- 
nia [10], ceria [11,12]), aurivillius-type (BIMEVOX) [13,14], 
and pyrochlores [15,16]. LagMo209 (commonly known as 
LAMOX) has also been examined as a new kind of oxide-ion 
conductor [17,18]. It shows a reversible phase transition from 
a monoclinic a-polymorph to a cubic B-polymorph at 580°C 
[18]. The high-temperature B-LazMo Oo is a better conductor 
than the low-temperature a-LazMo2Oo, and the ionic conduc- 
tivity of the B-form is comparable with that of YSZ. Such high 
ionic conductivity has been explained in terms of the lone-pair 
concept proposed by Lacorre [19,20] 

The phase transition B — a is one of the main limitations of 
lanthanum molybdate as an electrolyte in an operative device, 
because it would cause a drastic drop in the ionic conductiv- 
ity below 580°C and electrolyte breakdown due to repeated 
cycling between the high- and low-temperature polymorphs. 
Therefore, suppressing this structural transition may be a good 
way to improve the conducting properties of this material. Sev- 
eral partial substitutions of La2Mo25O» have been carried out 
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by replacing both La and Mo by equivalent cations [20-30]. It 
seems that some of these substitutions may stabilize the B-cubic 
structure down to room temperature. The additives have failed, 
however, to increase the ionic conductivity of LazMo2Oo to any 
significant extent. 

This study reports a new series of compounds in the 
LAMOX family that are formulated by the substitution of Pr 
for La in the LaMo209 parent compound. The nanocrystalline 
Laz_,Pr,Mo20, compounds are synthesized by the pyrolysis 
of La—Pr—Mo polyacrylates precursors prepared via in situ poly- 
merization of the metal salts and acrylic acid [31]. The pyrolysis 
behaviour of the polymeric precursors is studied by thermal 
(TG/DTA) analysis. The structural properties, particle size and 
the phase transition of the synthesized products are character- 
ized by means of X-ray diffraction (XRD), transmission electron 
microscopy (TEM) and differential scanning calorimetry (DSC). 
In addition, sinterability and ionic conductivity are also investi- 
gated. 


2. Experimental 


Nanocrystalline Laz_,PryMo2O9 (0.2 <x <0.8) powders 
were prepared by an in situ polymerization method using 
polyacrylates of La, Pr and Mo as the precursor compounds. 
The polymeric precursors were made by polymerization of 
an aqueous solution of acrylic acid in presence of La(NO3)3, 
Pr(NO3)3 and (NH4)gMo7O»4 with (NH4)S2O0g as the initia- 
tor. The typical experimental procedure was first to dissolve the 
stoichiometric amounts of La(NO3)3-6H2O0, Pr(NO3)3-6H20 
and (NH4)6Mo7024-4H2O in triple-distilled water and then 
pour the solution into an acrylic acid solution (acrylic 
acid: H2O = 70:30 wt.%) with constant stirring. To this, a small 
amount of 5% (NH4)S2Os solution was added as the initia- 
tor to promote the polymerization. Under heating at ~80°C, 
well-distributed polyacrylates of La-Pr-Mo were formed. After- 
wards, the polyacrylates were dried at 120°C for 1—2h. The 
dried polymeric precursor was homogenized in a ceramic mor- 
tar and then pyrolyzed at 510°C for 5 h in air at a heating rate of 
5°C min”! to eliminate the residual organic phase and to obtain 
a nanocrystalline La». Pr; Mo? Oo powder. 

The thermal decomposition of the polymeric precursors 
was characterized by Perkin-Elmer TG/DTA thermal analysis 
(Model: Pyris Diamond) over a temperature range of 30-700 °C 
with a heating rate of 5°C min! in air. 

X-ray powder diffraction (XRD) data were collected at 
room temperature with a diffractometer (Model: Philips X’ Pert 
MPD®) with Cu Ka radiation. The data were recorded in the 
20-range of 10—70? with a 0.02? step. 

The particle size and morphology of the synthesized pow- 
der was observed by means of a JEOL transmission electron 
microscope (Model: 1200 EX). 

The phase transition was studied by differential scanning 
calorimetry (Model: Perkin-Elmer diamond) over the temper- 
ature range of 475-600 °C with a heating rate of 5°C min™! in 
air. 

The synthesized nanocrystalline La? .,Pr;Mo5Oo powders 
were pressed into a pellets of 10mm diameter and 1.5-2 mm 
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Fig. 1. TG/DTA curves of polyacrylate La, 5—Pro.5—Mo» precursor. 


thickness, at ~150 MPa, using a stainless-steel die. The non- 
isothermal sintering behaviour of the green pellets were 
measured with a dilatometer (Model: Netzsch, DIL 402C) from 
room temperature to 900°C at a heating rate of 5°C min^! 
and a cooling rate of 5°C min™!. Isothermal sintering was per- 
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Fig. 2. X-ray diffraction patterns of La». ,Pr,.Mo?Os samples. (a) La; gPro? 
Mo209, (b) La; ;Pro.3M020v», (c) Lay6Pro.4Mo20Oo, (d) Lay.5Pro.5Mo20b, (e) 
La; 4Pro,Mo2O», (f) Lai.3Pro. M0209 and (g) La; ?Pro.sMo20s. 
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Fig. 3. Variation of lattice parameter of La». ,Pr,.Mo?Oo as function of Pr 
content. 


formed on the green pellets using a heating rate of 5°C min^! 
and a holding time of 4h at various temperatures (600—900 °C). 
The density of the sintered pellets was also determined by 
the Archimedes method using distilled water as the immer- 
sion medium. The microstructure of the sintered pellets was 
monitored with a JEOL scanning electron microscope (Model: 
JSM-840A). 

The ac impedance spectroscopy measurements were carried 
out in air at temperatures in the range of 300-800 °C on spec- 
imens with platinum paste electrodes. A solartron frequency 
response analyzer (Model: 1260) was used and the frequency 
range was 0.1 Hz-1 MHz. 


3. Results and discussion 


To clarify the chemical reaction of the polymeric precursor 
occurring in the pyrolysis process, TG and DTA analysis of the 


Fig. 4. Transmission electron micrograph of La, 5s Pros Mo209 nanopowder. 
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Fig. 5. DSC curves of Pr-doped LaMo209 samples. (a) Laj.gPro.2Mo20o; 
(b) Laj;Pro3Mo5Oe; (c) Laj6Pro4Mo209; (d) Lai sProsMo209; (e) 
Laı.4Pro.sMo209; (f) Lai 3Pro 7; M0209. 


polyacrylate La, 5—Pro.5-Moo? precursor was conducted. The 
results are presented in Fig. 1. In the TG curve, three main weight 
loss domains are observed in the temperature ranges: 30-290, 
290—439 and 439-510°C. The first domain corresponds to the 
exothermic peak at 214°C in the DTA curve and is assigned 
to the decomposition of nitrates. The next two domains are 
ascribed to the decomposition of La—Pr—Mo polyacrylates into 
their metal oxides and are accompanied by the exothermic peaks 
at 363 and 482°C in the DTA curve. Beyond 510°C, there is 
neither weight loss nor reactions, which indicates the forma- 
tion of the La; 5Pro.5Mo5O»o phase. Similar thermal behaviour 
was observed for the other La». Pr; Mo?5Oo compositions and, 
therefore, is not reported here. 

The structure of the resultant La»... Pr;Mo2Oo products was 
investigated by room temperature X-ray diffraction patterns, as 
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Fig. 6. (a) Shrinkage and (b) shrinkage rate behaviour of La»... Pr, Mo? Oo sam- 
ples. 
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Fig. 7. Relative density of La» ,Pr,Mo?Oe samples isothermally sin- 
tered at 600-900?C for 4h. (a) La; gPro2Mo25O0o; (b) La, ;Pro3Mo25Oo; 
(c) LajisPro4Mo5Oe; (d) LajsPro5Mo?Oe; (e) Laj4ProgMo?Oe; (f) 
La, 3Pro7Mo2Oo. 


presented in Fig. 2(a-g). The results show well-defined peaks, 
even at a temperature as low as 510°C. This finding suggests 
that the product obtained immediately after decomposition has 
gained a single-phase structure without any residual impurities 
(Fig. 2(a-f)). For compositions x» 0.7, however, unidentifi- 
able impurity peaks are observed. Thus, the solubility of Pr 


in La2Mo2O^o is limited to x 20.7. Though a-La?2Mo50y is 
assumed to have a monoclinic symmetry, distortion is reported 
and is too small to be observed under normal X-ray investi- 
gation [18,24,26,32]. Moreover, most of the reflections of the 
a-La2Mo209 phase are comparable to the reflections of the 
high-temperature cubic B-phase. Hence, the low-temperature 
a-phase is considered to have a pseudo-cubic symmetry and 
has been indexed with respect to a cubic symmetry by many 
investigators [18,24,26,32]. The XRD patterns of the Pr-doped 
(x < 0.7) samples appear to be similar to that of the B-LazMo209 
phase. Therefore, the lattice parameters for all compositions 
were refined on the basis of the cubic symmetry. The variation 
of the lattice parameters of La»... ,Pr,Mo2O)» as a function of Pr 
content is presented in Fig. 3. As the amount of Pr is increased 
there is a decrease in the lattice parameter, because of the incor- 
poration of a smaller Pr?* ion (r= 1.179 A) into a larger La?* 
(r= 1.216 A) lattice site in the LazMo2Oo. 

A typical TEM image of the synthesized La, 5Pro.5Mo2Oo is 
presented in Fig. 4. The average particle size of the nanopowder 
is about —25 nm. 

Phase transitions of the Pr-doped LazMo209 samples were 
studied by means of differential scanning calorimetry; the results 
are presented in Fig. 5(a-f). Since all the DSC runs are performed 
with equal masses of samples, the partial substitution of La by Pr 
does not appear to suppress completely the phase transition. The 


Fig. 8. Scanning electron micrographs of Pr-doped LaMo20 pellets sintered at 800 ^C for 4h. (a) Laj.gPro.2Mo20o; (b) La; ;Pro.3M0209; (c) Laj.sPro4Mo5Oo; 


(d) La; 5Pro.5Mo20Oo; (e) Laj.4Pro.6Mo20o; (f) Lay.3Pro.7Mo20o. 
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Fig. 9. Arrhenius plots of overall conductivity for Lao? ,Pr.Mo?Oo sam- 
ples sintered at 800°C: (a) LajgPro2Mo2Oe; (b) La,;;Pro3Mo5Oo; 
(c) Laj6Pro4Mo209; (d) LajsPro5Mo?Oe; (e) Laj4ProsMo»Oe; (f) 
La, 3Pro7Mo209. Dark line shows conductivity of pure LazMo209 [31]. 


phase transition peak becomes small and wide with increasing Pr 
concentration as evident from Fig. 5(a—f). It is notable that even 
at higher concentration of Pr (x 20.7) is unable to suppress the 
phase transition completely. However, the phase transition peak 
is very broad and almost negligible for the La, 3Pro7 M0209 
compound. 

The sintering properties of the powder compacts were inves- 
tigated with a dilatometer. The shrinkage and shrinkage rate 
curves for La» .,Pr.Mo25Oo pellets during heating are shown 
in Fig. 6. All Pr-doped pellets have similar green densi- 
ties (61.5-62.8%). In all samples, shrinkage starts at around 
7-450 °C, but the maximum densification occurs at 615-635 °C. 
The maximum densification peaks shift slightly towards lower 
temperatures on increasing the Pr dopant concentration. The sin- 
tering process finishes at 800?C for all samples, at which a total 
shrinkage of 18.196 is recorded and the density is calculated to 
be greater than 98% of the theoretical value. 

The relative density of Pr-doped LazMo Oo pellets isother- 
mally sintered at 600-900°C for 4h is given in Fig. 7. The 
sinterability of these oxides is obviously good; they can densified 
to ~99% of theoretical density even at a quite low temperature of 
800°C, which agrees well with the dilatometry measurements. 
The powder doped with Pr exhibits a slightly higher sintered 
density at the same temperature. 

Scanning electron micrographs of all the Pr-doped samples 
sintered at 800?C are shown in Fig. 8. All the samples are 
relatively dense and do not show much difference in density. 
However, Pr doping significantly improves the grain growth. 
The average grain size of the doped samples is between ~4 and 
12 um. 

Arrhenius plots of the overall conductivity of the 
Laz_,Pr,Mo209 samples sintered at 800°C is shown in Fig. 9 
and conductivity data for pure LagMo2Oo is also given for 
the purpose of comparison [31]. For pure LazMo20Oo, a dra- 
matic change of conductivity occurs at around 560?C and is 
due to a phase transition. The Pr-doped LazMo209 samples 
exhibit slightly improved conductivity at lower and higher tem- 
peratures. Generally, the higher the unit-cell free volume in 
the oxide-ion conductor is easier for the oxygen-ion diffu- 


sion [33,9]. The ionic radius of Pr?* (r- 1.179 À) is smaller 
than that of La?* (r— 1.216 A). On Pr-doping, the cell param- 
eter is decreased. Thus, the substitution of Pr greatly increases 
the free volume and, therefore, the ionic conductivity of Pr- 
doped samples also increases remarkably. It can also be seen 
that a sharp conduction increase is present up to x=0.5 in 
La»? .,PrMo5Oo. The La; 5Pro.5Mo2O»o sample exhibites a con- 
ductivity of 0.165 S cm7! at 800?C, compared with 0.12 S cm~! 
for the undoped La?Mo»5O» [31]. This result confirms that Pr 
doping can improve the oxide-ion conductivity of La;2Mo2Oo, 
both at low and high temperatures. Moreover, the high purity and 
phase homogeneity of the present sample could help to improve 
the conductivity of Pr-doped LazMo20Oo samples. 


4. Conclusions 


Nanocrystalline Laz_,Pr,Mo2O9 (0.2 <x <0.8) powders 
have been successfully synthesized by the pyrolysis of polyacry- 
late La-Pr-Mo precursors obtained via in situ polymerization 
of metal salts and acrylic acid. Thermal analysis indicates that 
the Pr-doped La?2Mo2O» undergoes complete crystallization at 
510°C. X-ray diffraction analysis reveals that the substitution 
of La by Pr preserves the La?Mo5Os structure up to x < 0.7. 
Differential scanning calorimetry shows that Pr doping does not 
suppress the a — B phase transition completely, but significantly 
lowers the transition temperature. Moreover, the synthesized 
nanocrystalline Pr-doped LazMo2O9 samples have good sin- 
terabilty. A relatively low sintering temperature of 800?C for 
4h is sufficient to achieve ~99% of theoretical density with a 
good microstructure. The oxide-ion conductivity increases with 
increasing Pr content and maximum conductivity is attained at 
x 20.5 in Lag_,Pr,Mo20o. 
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